The development of gravitational wave observatories (Advanced LIGO/Virgo, Einstein Telescope) is proceeding apace, and the direct detection of gravitational waves should be imminent. The last decade of observational and theoretical developments in stellar and binary evolution provides an opportunity to incorporate major improvements to the predictions from populations synthesis models. We update the StarTrack code, and compute the rates for NS-NS, BH-NS, and BH-BH mergers. Among the most important revisions in the formation and evolution of double compact binaries are: updated wind mass loss rates (allowing for stellar mass black holes up to 80 M ⊙ ), a realistic treatment of the common envelope phase (a process that can affect merger rates by 2-3 orders of magnitude), and a qualitatively new neutron star/black hole mass distribution (consistent with the observed "mass gap"). We present a parameter study with these major physical updates included, focusing on the most important factors that set the double compact object merger rates. A few of our more interesting findings include: (i) The binding energy of the envelope plays a pivotal role in determining whether a binary merges within a Hubble time, and our results depend sensitively on the model describing this. (ii) Our description of natal kicks from supernovae plays an important role, especially for the formation of BH-BH systems.
INTRODUCTION
We investigate the evolution of binary systems that leads to the formation of close double compact objects (DCOs) merging within a Hubble time: double neutron star (NS-NS), black hole-neutron star (BH-NS), and double black hole (BH-BH) systems. Only isolated evolution (i.e., in field populations) is considered. Several different groups have provided similar estimates in the past decade (Nelemans et al., 2001; Voss & Tauris, 2003; Dewi & Pols, 2003; Nutzman et al., 2004; Pfahl et al., 2005) , and exploration of the relevant physical processes and rate estimates were obtained with the StarTrack population synthesis code (Belczynski et al., 2002 (Belczynski et al., , 2006 (Belczynski et al., , 2007 (Belczynski et al., , 2010a (Belczynski et al., ,b, 2011a O'Shaughnessy et al., 2005a,b,c) . In this paper we revisit these rate estimates, incorporating recent improvements to the input physics within the StarTrack code. Similar rate estimates performed for dense populations in which dynamical interactions between stars are important (i.e., globular clusters) have been presented elsewhere (Gültekin et al., 2004; O'Leary et al., 2006; Grindlay et al., 2006; Sadowski et al., 2008; Ivanova et al., 2008; Downing et al., 2010; Miller & Lauburg, 2009) .
To describe the formation of a double compact object one needs to know the history of both progenitors, as well as the interactions between them. However, the uncertainties associated with a number of evolutionary processes inhibit an accurate description. Among the most important unknowns are the details of the common envelope (CE) phase, the unknown maximum mass of the NS, the physics of the supernova explosions that form compact objects, and the wind mass loss rates of their progenitors. In this paper we approach the problem by calculating and investigating a suite of population synthesis models. The uncertainties are assessed by altering the parameters and input 1 physics within defined limits. This allows us to "bracket" our ignorance of the physical processes that are crucial for understanding double compact object formation.
In this paper we investigate the physics associated with the CE phase, focusing on the binding energy parameter, λ, and the structure of the donor star. We introduce a new treatment of the NS/BH formation processes in core collapse supernovae, and assess the role of natal kicks, the maximum NS mass, and wind mass loss on the rates. To show the basic dependence of our results on metallicity, we consider two fiducial stellar populations: Z = Z ⊙ and Z = 0.1 Z ⊙ . Our main results are presented in Fig. 19 and 20. A broader metallicity study will be presented in paper II of this series, with inclusion of the cosmic star formation history, and a calculation of the dependence of rates on redshift. Paper III will examine the detection prognosis with advanced gravitational telescopes (e.g. Advanced LIGO/Virgo, Einstein Telescope), incorporating the latest gravitational waveforms and sensitivity curves for the various instruments.
In order to make the results of our research easily accessible to the community, we have provided an on-line Synthetic Universe database, available at www.syntheticuniverse.org. At present this contains detailed information on the population synthesis models in this paper. In addition, a number of physical parameters and their distributions that are not discussed here in detail (e.g., initial binary parameters, component masses, mass ratios, evolutionary tracks) are also provided, for those who might want to include them in their own research. We intend this database to act as an extension to our three papers, functioning as a repository of the full spectrum of our double compact object populations. The "Synthetic Universe" site will be updated in real time as new physical models are calculated, and will respond to requests from the scientific community. Eventually, the Synthetic Universe will include various objects in addition to double compact object binaries, for example stellar populations with white dwarfs (e.g., supernovae Ia progenitors; low frequency gravitational wave sources; cataclysmic variables) and various types of X-ray binaries (e.g., persistent and transient sources; high-and low-mass X-ray binaries in Galactic and extra-galactic environments).
In the next section we describe recent physical developments addressing the CE events, the wind mass loss rates from massive stars, supernovae explosions and compact object formation, incorporated into the StarTrack code. Section 3 contains a general description of the most important physical parameters used in our population synthesis, while in Section 4 we present the models used in this study, and our results. We summarize and conclude in Section 5.
STARTRACK IMPROVEMENTS

The StarTrack code
We have used the population synthesis code StarTrack to calculate the numbers and properties of DCOs. The full description of the code can be found in Belczynski et al. (2002 . The code utilizes a set of stellar models (Hurley et al. (2000) ; slightly modified from its original version) that allow for the evolution of stars at different metallicities. The model for compact object formation adopted in the code has been significantly revised; changes are described in Section 2.4. During core collapse, fallback and direct BH formation is now accounted for (Fryer & Kalogera, 2001 ) and the newly born objects receive natal kicks (Hobbs et al., 2005) . The formation of low mass NSs through electron capture supernovae is also accounted for (e.g., Podsiadlowski et al. (2004) ). Binary interactions are treated in detail, and the various physical processes have been calibrated using either results of detailed evolutionary calculations (e.g., Wellstein & Langer (1999) for mass transfer sequences), or specific sets of observations (e.g., Levine et al. (2000) for tidal interactions).
In the following sections we describe the major updates to the code that are relevant for the formation of BHs and NSs. These crucial improvements are based on advances in stellar evolution physics in the last decade. Included are revised rates for wind mass loss for massive stars that now allow for the formation of BHs with masses observed in the Milky Way and other galaxies (see Section 2.2). Another improvement relates to the CE coefficient, λ, describing the binding energy of the envelope. It is now dependent upon the parameters (mass, radius, etc.) and the evolutionary stage of the donor. This is a major improvement when compared to most previous studies, where λ was considered constant throughout the evolution of the donor (Section 2.3). The third major update regards the core collapse/supernova explosions, and the resulting model for compact object formation. We introduce two convection-enhanced, neutrino driven supernova engines (based on Rayleigh-Taylor and Standing Accretion Shock instabilities) into our population synthesis code. This addition allows us to account for the dearth of Galactic compact objects within the mass range 2-5 M ⊙ (the so called "mass gap" (Section 2.4)).
Stellar winds
The StarTrack code was recently updated with new wind mass loss rates (described in detail in Belczynski et al. (2010a) ). One of the major changes was the implementation of mass loss for O/B stars based on Vink et al. (2001) , followed by new winds for Wolf-Rayet stars (Hamann & Koesterke, 1998; Vink & de Koter, 2005) . Furthermore, the Luminous Blue Variable winds (based on Humphreys & Davidson (1994) ) were calibrated so as to allow for the formation of BHs with masses up to 15 M ⊙ in a solar metallicity environment. This was done in order to account for the observed masses of known BHs in the Milky Way (e.g. Orosz et al. (2011) ). The most important consequence of these updates is the possibility of the formation of BHs with masses up to 30 M ⊙ in sub-solar metallicity environments (Z = 0.3Z ⊙ ), which corresponds to the observed mass of the most massive known stellarmass BH in the IC10 X-1 binary (Prestwich et al., 2007; Silverman & Filippenko, 2008) . These revisions also result in the formation of BHs with masses up to 80 M ⊙ in a low metallicity (Z = 0.01Z ⊙ ) environment.
Common envelope updates
We begin with an expression describing the energy balance of the CE (Webbink, 1984) :
Here, R don,lob is the Roche lobe radius of the donor at the onset of Roche lobe overflow (RLOF), A is the binary separation, M don,env is the mass of the ejected envelope, and M don and M acc are the masses of the donor and accretor, respectively. Indices i and f stand for initial and final parameters, respectively. The parameter α CE describes the efficiency of the transfer of orbital energy into unbinding the envelope. If there is sufficient orbital energy to unbind the envelope the binary may survive the CE phase, otherwise the component merger and the formation of a peculiar single object is assumed (an example: if the accretor is a compact object then in the outcome of the CE a star harbouring a NS/BH may form). The value of α CE has been set to 1 throughout this study. The range of values for the product α CE λ may therefore be covered by λ alone. The parameter λ describes the binding energy of the envelope, and is defined as:
where R is the radius of the donor, which becomes equal to the Roche lobe radius of the donor at the onset of the CE.
The most significant changes of binding energy are usually associated with radial expansion or contraction of a star. Additionally, the mass loss/gain may alter the binding energy. Generally, as the envelope of the star expands it becomes less dense and so its binding energy decreases, while a contraction of the envelope leads to an increase in the binding energy. The parameter λ is a function of binding energy, radius, and mass (Eq. 2). For example, λ will decrease if the radius expands faster than the binding energy decreases , which is the case for stars on the Hertzsprung gap (HG) stars . If the radial expansion of a star remains moderate, λ may increase as it happens on the Red Giant Branch (RGB) and Asymptotic Giant Branch (AGB) (see Fig. 1 ). For the most massive stars (initial mass above ∼ 20 M ⊙ ) the mass loss becomes a significant factor, and the changes in density profile, radius, and binding energy result in an almost constant λ during later evolutionary stages (see Fig. 2-4 ). Most importantly, Eq. 2 implies that given the mass, radius, and evolutionary state (i.e. the envelope size) of a donor, a change of λ will change the binding energy of its envelope. For example, the binding energy of the envelope of a star with λ = 0.1 will be larger by an order of magnitude as compared to an identical star with λ = 1. During the CE phase, orbital energy is used to eject the envelope. Therefore, a binary will have much more difficulty ejecting the tightly bound envelope of a donor with λ = 0.1, as compared with one with λ = 1.
The consequences for the formation of double compact objects are twofold. If λ has a low value, and the stars have insufficient separation (orbital energy), they will merge during the CE phase. This terminates further binary evolution and prevents the formation of a DCO. If, on the other hand, λ has a high value, it is most likely that a given system will eject the CE with a small resulting decrease in orbital separation. Binaries (later becoming DCOs) retaining a wide enough separation after the CE event may not be able to merge within a a Hubble time. Such DCOs become uninteresting from the gravitational wave detection perspective. Also, a supernova explosion occurring in a binary that maintains a wide orbital separation tends to disrupt the system.
Hertzsprung gap donors
The outcome of the CE phase depends strongly on the evolutionary stage of the donor, as first discussed in Belczynski et al. (2007) . Even before considering the energy balance, it is critical to incorporate an understanding of the core-envelope structure of the star. For example, Main Sequence (MS) stars do not have clear core-envelope division, as the helium core is still in the process of being developed. Stars on the HG similarly lack a clear entropy jump associated with the core-envelope structure (Ivanova & Taam, 2004) , although when in the evolution such a division appears (late HG or post HG?) remains unclear. In the case of a CE initiated by a MS or HG donor, therefore, the orbital energy is transferred into the entire star rather than just the envelope. This makes the ejection of the envelope difficult, and for MS stars we assume that this will always result in a merger. However, in the case of HG we extend the analysis by considering two possibilities. One is to ignore the core-envelope boundary issue, and proceed with the calculation of the energy balance (submodel A). The second is to adopt a pessimistic approach (submodel B) in which each CE with a HG donor leads (independent of energy balance) to a merger. Both submodels are calculated for each evolutionary model in this study. Massive stars, beyond HG, that enter the core helium burning already possess welldefined core-envelope structure and require only the energy balance calculation. Exceptions are the Helium MS and Helium HG stars, which have an analogous structure to their hydrogen counterparts, and are treated as such.
New calculation of the λ parameter
A physical estimate of λ was recently presented by two groups: Xu & Li (2010) and Loveridge et al. (2011) . We adopt the expressions from the former group in the StarTrack code, although both calculations yield similar results for NS/BH progenitors. The new λ values cover CE events, and depend on the evolutionary stage of the donor, its mass at Zero Age Main Sequence (ZAMS) and the mass of its envelope, and its radius. In addition, all of these quantities can depend on a wide range of metallicities (Z = 10 −4 -0.03). This represents a significant improvement in the physics of the formation of DCOs, as most previous studies treated λ as constant (usually λ = 1) throughout the evolution of a star. In the new approach the authors calculate two values of λ from detailed stellar models: in the first they treat the binding energy of the donor's envelope as consisting only of its gravitational energy, while in the second the binding energy is decreased by the full internal energy of the envelope. Since neither of these extremes is plausible (Xu & Li, 2010) , we choose our λ to be the average of the two. In the case of stars with masses leading to the formation of BHs we find that λ ∼ < 1 (see Fig. 3,4) . We find higher values for typical NS progenitors, and especially in the late evolutionary stages we have λ ∼ > 1 (see Fig. 1 ). Since the group that developed this procedure is affiliated with Nanjing University, we label this approach as the Nanjing λ. We have additionally requested that the authors compute a few extra models for massive stars, as these are particularly relevant to our study. Xu & Li (2010) presents models up to M zams = 20 M ⊙ , and we have now obtained models up to M zams = 100 M ⊙ . We then extrapolate these to our entire mass range (up to M zams = 150 M ⊙ ). For stars with M zams > 100 M ⊙ we use the fitting function calculated for M zams = 100 M ⊙ , but input the higher mass when necessary.
Compact object formation
To evolve a star from ZAMS toward its eventual supernova (SN) with the StarTrack code, we use the (slightly modified; see Belczynski et al. (2002) ) procedure presented in Hurley et al. (2000) , with updated wind mass loss rates as described in Section 2.2. The mass of the compact object is calculated from the properties of the pre-supernova star, and the type (whether it is a NS or a BH) is set solely by its mass.
We use a recent study by Fryer et al. (2011) to describe the SN explosion and the resulting compact object formation. Our models allow for a successful explosion without the need for the artificial injection of energy into the exploding star. This is a major update of the input physics used in the population synthesis of massive binaries. Previous studies at best used significantly outdated supernova models, if they used any at all. We have introduced two alternative supernova models into our code: "Delayed" and "Rapid". Both are core-collapse scenarios, and they share the same convection-enhanced neutrino-driven explosion mechanism. The main factor that differentiates the two models is the type of instability which causes the macroscopic flows of matter (similar to convection) that eventually lead to the ejection of the infalling matter. The Delayed model is sourced from the standing accretion shock instability (SASI), and can produce an explosion as late as 1 s after bounce, while the Rapid model starts from the Rayleigh-Taylor instability and occurs within the first 0.1-0.2 s. In the Rapid scenario we either end up with a very strong (high velocity kick) supernova in the case of a low mass star (M zams ∼ < 25 M ⊙ ), and produce a NS, or the supernova fails, and there is direct collapse to a massive BH. In the Delayed case the entire spectrum of explosion energies is allowed, and this results in a wide range of compact object masses, from NSs to light BHs to massive BHs. The formulae describing the two supernova engines adopted in StarTrack are provided in Fryer et al. (2011) (Eqs. 15-20) .
We also allow for the formation of NSs through Electron Capture Supernovae (ECS, Miyaji et al. (1980) ). These are weak supernovae (no natal kick assumed) occurring for the lowest mass stars (M zams ∼ 7 M ⊙ ), and they end up forming NSs.
MODELING
The physics underlying the formation of double compact objects is uncertain, notably due to modelling challenges of the supernova and CE phases. Core collapse, usually (but not always) followed by a supernova explosion, forms a compact object. The mass and the type of compact object is determined by the details of the event. Additionally, supernova asymmetry via mass loss and/or a natal kick may disrupt a binary, depleting the population of double compact objects. At the same time, for some binaries a natal kick of the right amplitude and direction may produce a prematurely coalescing DCO. The CE phase is present in all formation scenarios, for all types of close double compact objects. It is the primary mechanism for bringing initially widely-separated binaries into close orbits, thereby allowing them to coalesce within a Hubble time.
To explore the uncertainties associated with our models we calculate a suite of population synthesis results, investigating a range of factors which have the largest impact on the rates and physical properties of DCOs. As a reference we use the standard model introduced in Section 4.1, that resembles input physics described in detail in , with some important additions and modifications. The subsequent models are variations on this standard model, each exploring a single parameter connected to either the core collapse/supernova explosion or CE phases. Despite the fact that we now have physically motivated values for λ, we also explore models in which λ is constant, with the specific value set over a wide range. The range is chosen to be such as to encompass all plausible values allowed by detailed physical calculation of the Nanjing results (Xu & Li, 2010) . Variations 1-4 employ λ =0.01, 0.1, 1, and 10, respectively (see Table 1 ).
To delineate between a NS and a BH we need to adopt a value for the maximum NS mass. Theoretical studies of the equation of state allow values in the range 1.5-3.0 M ⊙ (Lattimer & Prakash, 2010) . Observations yield a narrower range, with the most massive NSs reaching 2 M ⊙ (Demorest et al., 2010) . Statistical analyses of the measured BH masses indicate that the BH mass distribution is unlikely to extend below about 4.5 M ⊙ (Bailyn et al., 1998; Özel et al., 2010; Farr et al., 2011) , which leaves a significant range with no compact objects. This might argue for a higher upper limit on the NS mass (or even potentially a lower limit on the BH mass?). Utilizing the theoretical and observational estimates, we vary the maximum NS mass from 3.0 M ⊙ (Variation 5), through 2.5 M ⊙ (Standard), and as low as 2.0 M ⊙ (Variation 6).
In the standard model for natal kicks in core collapse supernovae we employ a Maxwellian kick distribution with σ = 265 km s −1 , based on observed velocities of single Galactic pulsars (Hobbs et al., 2005) . The magnitude of the kicks is modified by the amount of fallback during a SN as follows:
where V k is the final magnitude of the natal kick, V max is the velocity drawn from a Maxwellian kick distribution, and f f b is the fallback factor. The values of f f b range between 0-1, with 0 indicating no fallback/full kick and 1 representing total fallback/no kick (in this case a "silent supernova"). This factor is calculated for both the Delayed and Rapid SN engines according to Fryer et al. (2011) . For the electron capture supernovae the explosions are found to be symmetric (Dessart et al., 2006) , and we assume no natal kick. However, the orbit is still modified due to the mass loss in the explosion. BHs that form through partial fall back are assumed to receive natal kicks that are drawn from the same distribution as for the NSs, but the value is decreased in proportion to the amount of fall back. In particular, the most massive BHs form via full fall back, which leads to no natal kick and "silent" BH formation. This may be supported both theoretically (Fryer & Kalogera, 2001 ) and from observations (Mirabel & Rodrigues, 2003) . There seems to be some evidence that NSs that are found in binaries receive smaller natal kicks (e.g., Belczynski et al. (2010c) ; Wong et al. (2010) ; Bodaghee et al. (2011) ), of the order of 100 km s −1 . Keeping the same Maxwellian distribution as in the standard model , we modify the magnitude of natal kicks of NSs and BHs to σ = 132.5 km s −1 (Variation 7). Additionally, we calculate two models in which the BH kicks take on two extreme values. In one, newly formed BHs receive full natal kicks as, observed for single pulsars (σ = 265 km s −1 ) independent of the amount of fallback (Variation 8). In the other, no natal kicks are applied to BHs, independent of their mass or the amount of fallback (Variation 9).
As our standard model we select the Rapid supernova engine, since this supernova mechanism, combined with binary evolution, successfully reproduces the mass gap (Belczynski et al., 2011b) observed in Galactic X-ray binaries (Bailyn et al., 1998; Özel et al., 2010) . On the other hand, the Delayed engine (Variation 10), as well as the routine previously implemented within StarTrack (Belczynski et al., 2002) , generates a continuous spectrum of compact object masses.
Observational and theoretical developments have led to the discovery of a number of puzzling phenomena in the winds from massive stars.
The two most prominent are the "weak wind problem" (e.g., Chlebowski & Garmany (1991) ; Kudritzki et al. (1991) ; Herrero et al. (2002) ) and "wind clumping" (e.g., Osterbrock & Flather (1959) ; Markova et al. (2004) ; Repolust et al. (2004) ; Lépine & Moffat (2008) ). The former is related to the fact that wind mass loss rates from late O and early B type stars might be ∼ 1-2 orders of magnitude lower than theoretically predicted. The latter suggests that winds might be forming dense clumps rather than being distributed uniformly, which may lead to an overestimate of mass loss rates by a factor of ∼ < 2. Based on this we investigate the possibility that our wind mass loss rates are too high, and so we calculate a model (Variation 11) in which the rates are reduced by a factor of 2. This is done for all stars at all points in their nuclear evolution. Table 1 lists all of our models, each with the relevant parameter to be varied as compared to our standard model (listed in the first row). Each model is calculated for two metallicity values: solar (Z = Z ⊙ = 0.02) and 10% solar (Z = 0.1 Z ⊙ = 0.002). Each model is further divided into submodel A (CE energy balance with HG donor) and submodel B (CE merger with HG donor) as discussed in Section 2.3.1. We end up with 45 distinctive models (11 variations for 2 metallicities and 2 CE submodels, on top of our standard model).
For each model we evolve 2 × 10 6 binaries (with one exception, see. Sec. 4.5), assuming that each component is created at the same time. Each binary system is initialized by four parameters which are assumed to be independent. These are: primary mass M 1 (initially more massive component), mass ratio q = M 2 /M 1 , where M 2 is the mass of the secondary component (initially less massive), the semimajor axis a of the orbit, and the eccentricity e. The mass of the primary component is randomly chosen from the initial mass function adopted from Kroupa et al. (1993) , and Kroupa & Weidner (2003) ,
where α = 2.7 is our standard choice for field populations. Stars are generated from within an initial mass range M min -M max , with the limits based on the targeted stellar population. For example, NS studies require evolution of single stars within the range 8-25 M ⊙ , while for BHs the lower limit is 25 M ⊙ . Binary evolution may broaden these ranges due to mass transfer episodes, and we therefore set the minimum mass of the primary to 5 M ⊙ . We assume a flat mass ratio distribution, Φ(q) = 1, over the range q = 0-1, in agreement with recent observations (Kobulnicky & Fryer, 2007) . Given a value of the primary mass and the mass ratio, we obtain the mass of the secondary from M 2 = qM 1 . However, for the same reasons as for the primary, we don't consider binaries where the mass of the secondary is below 3 M ⊙ . The distribution of initial binary separations is assumed to be flat in log(a) (Abt, 1983) , and so ∝ 1 a , with a ranging from values such that at ZAMS the primary fills no more than 50% of its Roche lobe to 10 5 R ⊙ . For the initial eccentricity we adopt a thermal equilibrium distribution (e.g., Heggie (1975) ; Duquennoy & Mayor (1991) ) Ξ(e) = 2e, with e ranging from 0 to 1.
RESULTS
The double compact object merger rates for a synthetic galaxy resembling the Milky Way, but for two differing values of metallicity, are presented in Table 2 (Z = Z ⊙ ) and Table 3 Tables  6-9 ) and delay times for all the models are presented. The delay time, t del , is the sum of the time needed to form two compact objects from a ZAMS binary and the time for the two compact objects to coalesce due to the emission of gravitational radiation. For double compact objects the former evolutionary time interval (∼ Myr) is usually much shorter than the latter merger time (∼ Gyr), and the delay time is rather similar to the merger time. Additional models and DCO population properties are available on-line at www.syntheticuniverse.com.
For each model we calculate the Galactic merger rates. These are defined as the number of coalescences of DCOs per unit time occurring in a synthetic galaxy similar to the Milky Way (with age of 10 Gyr and a constant star formation rate (SFR) of 3.5 M ⊙ yr −1 ). In practice this is done by checking if the delay time of a DCO (with a random starting point between 0-10 Gyr) falls near the current galaxy age (10 Gyr). However, the amount of mass within the simulated binaries corresponds only to a part of the star forming mass of the galaxy. In order to extrapolate the simulated mass to that of the entire galaxy we em-ploy the following procedure. First, the amount of mass contained within the simulated binary stellar population is estimated (the mass of the primary follows from Eq. 4, and the mass of the secondary follows from our assumed mass ratio distribution). Additionally, we assume a binary fraction of 50%, so that for each binary system there is one additional individual star. The mass of each of the individual stars is taken to be in the same range as for primary components in binaries. The acquired mass, M acq , is then divided by the age of the synthetic galaxy t gal (10 Gyr) in order to get a constant star formation rate corresponding to the simulated stellar mass (0.073 M ⊙ yr −1 ). To match this SFR to the one of the synthetic galaxy SFR gal (3.5 M ⊙ yr −1 ) one needs a multiplication factor of 48 (f SFR ). The corresponding equation is:
Therefore, to extrapolate our results to the entire mass in the synthetic Milky Way, we use each synthetic DCO binary 48 times. Each time the given binary is assigned a new starting time (from a uniform distribution), and if its coalescence time falls within 9-10 Gyr it is included in our results.
The typical range of the number of DCOs, N , generated in each simulation is ∼ 1000-10000 for submodel A and ∼ 10-100 for submodel B. Therefore the relative statistical error ( √ N /N ) is at most ∼ 10%-30% where the ranges are given by the values in submodels A-B). The errors arising from uncertainties in various aspects of the single and binary star evolution can change the Galactic merger rates of DCOs by ∼ 1-2 orders of magnitude (as shown in the next sections), making the statistical errors irrelevant.
In addition to the population of DCOs with delay times below 10 Gyr (the merging population), in each model we acquire another population occupying the domain above this time limit (the non-merging population). This population contains each type of DCO, and is available at www.syntheticuniverse.org.
Standard Model
At solar metallicity, the merger rates for a synthetic galaxy similar to the Milky Way are dominated by NS-NS systems (23.5-7.6 Myr −1 ; submodel A-B), with a smaller but still significant contribution from BH-BH systems (8.2-1.9 Myr −1 ), and with a minor contribution from BH-NS systems to the overall DCO merger rate (1.6-−0.2 Myr −1 ; see Table 2 ). Qualitatively these findings are consistent with previous results (Belczynski et al., 2002) . The quantitative results, however, are quite different, due to the many improvements in the models over the intervening decade. Belczynski et al. (2002) found the following mean rates: NS-NS 53 Myr −1 , BH-BH 26 Myr −1 and BH-NS 8.1 Myr −1 . At sub-solar metallicity, the systems with BHs increase their relative contribution to the overall rates, and the merger rate is dominated by BH-BH systems (73.3-13.6 Myr −1 ), with smaller contribution from NS-NS (8.1-2.5 Myr −1 ) and BH-NS systems (3.4-2.3 Myr −1 ; see Table 3 ). These results are qualitatively similar to our recent work on the dependence of merger rates on metallicity (Belczynski et al., 2010b) . Again, quantitatively there are significant differences. Belczynski et al. (2010b) found the following rates: 84-6.1 Myr
(NS-NS) and 12-7.0 Myr −1 (BH-NS) for Z = 0.1 Z ⊙ . These changes reflect the fact that since the previous study we have introduced physical λ values and observationally constrained SN models, which yields a new compact object mass spectrum.
A general division of these rates by DCO type may be understood in the following way. The initial mass function (IMF) falls steeply with mass, and delivers more NS than BH progenitors (by a factor 1 of ∼ 4). The supernova explosion is the major process that drastically affects the number of massive binaries , as the explosions tend to disrupt binaries. This is especially true in the case of NS progenitors, as these receive large natal kicks and as many as ∼ 90-95% of potential binaries may end up disrupted after the first supernova explosion (e.g., Lorimer et al. (2004) ; Belczynski et al. (2010c) ). Supernovae do not affect binaries with BHs as much because it is believed that most of the massive stars producing BHs do not experience large kicks at core collapse. What follows is that the rates for NS-NS and BH-BH mergers are not as separated as would be simply deduced from the IMF. The rates are also very sensitive to the details of the CE, and these are quite different for NS and BH progenitors (as discussed below). Additionally, the three types of double compact objects evolve along separate evolutionary channels (see Table 4 ). This qualitative picture can explain the calculated ratio of NS-NS to BH-BH merger rates (∼ 3-4). The BH-NS merger rates are the smallest, as the majority of potential progenitor binaries have initially large mass ratios, and the first interaction of the two components leads to a CE phase and the inevitable merger. This happens because the massive envelope of the BH progenitor cannot be successfully dispersed by the much less massive NS progenitor. Note that none of the significant BH-NS formation channels starts with the CE phase, but instead the progenitors of these systems originate from a narrow mass range (mass ratio of the two components larger than ∼ 1 2 -1 3 allowing for the first interaction to be a stable RLOF (see Table 4 ).
At sub-solar metallicity other factors come into play and make BH-BH systems dominant in the overall merger rate. First, the smaller wind mass loss makes pre-SN progenitors of NSs slightly more massive (by ∼ 10%). Heavier NS progenitors tend to explode as core collapse supernovae (full kicks) rather than ECSe (no kicks, see Section 2.4). This means that for sub-solar metallicity more NSs are formed with disruptive natal kicks than for a solar environment. Additionally, smaller wind mass loss decreases the expansion of the separation between the components. This causes the progenitors of NS-NS systems, at sub-solar metallicities, to engage in a second CE (see Table 5 ) just after the first one. This increases the probability of a merger during evolution when compared with Z ⊙ , hence the drop of merger rates of NS-NS systems from Z ⊙ to 0.1 Z ⊙ . The merger rates for BH-BH systems increase for sub-solar metallicity, as low wind mass loss rates allow the progenitors to remain more massive during evolution. This in turn makes the pre-SN stars more massive and allows for larger amount of fallback. Increased fallback reduces the magnitude of the natal kicks (see Eq. 3) to almost none or none at all (direct collapse into a BH) and makes the SN significantly less disruptive, as explained in detail by Belczynski et al. (2010b) .
The formation of BH-NS binaries is determined by the properties of the progenitors of both compact object types. Therefore, the behaviour of these systems may be considered as a combination of effects noted in the formation of BH-BH and NS-NS systems.
In Figures 5, 6 , 7, 8 and 9 we present the distributions of DCO progenitor ZAMS masses, DCO masses, chirp masses, delay times and DCO mass ratios for the standard model. For purposes of illustration, the distribution of progenitor and remnant masses are given for submodel A, Z = Z ⊙ only. Additional plots are available at www.syntheticuniverse.org.
In the distribution of progenitor ZAMS masses (Fig. 5 ) one can clearly see that binary evolution blurs the limits for ZAMS mass of the star for the formation of NS/BH. For NS-NS progenitors (top panel), the masses of the primary components (up to ∼ 30 M ⊙ ) exceed the typical upper limit for the formation of a NS for single stars (∼ 20 M ⊙ , also lower limit for the formation of a BH). Under favourable circumstances, binary evolution may push this limit even further, up to 100 M ⊙ (e.g., Wellstein et al. (2001) ; ). Note that for BH-NS systems (middle panel), a high progenitor mass does not necessarily imply that it will form a BH. During their evolution, progenitors of BH-NS systems may undergo a mass ratio reversal (due to mass transfer events) so the primary component (initially more massive) may become a NS (as seen on the middle panel of Fig. 6 ). For BH-BH progenitors the lowest mass of the primary component is ∼ 45 M ⊙ , and the lowest mass of the secondary is ∼ 25 M ⊙ . Also, progenitor stars of BH-BH systems have a wide mass distribution (ranging up to 150 M ⊙ ). However, the masses peak at ∼ 55 M ⊙ for the primary component and ∼ 40 M ⊙ for the secondary.
The distribution of masses of DCO remnants (Fig. 6 ) clearly shows the gap between the upper mass achievable by NSs (2 M ⊙ , despite allowing for the formation of NSs with mass up to 2.5 M ⊙ ) and the lower mass of BHs (∼ 5 M ⊙ ). This is due to the implementation of the Rapid supernova engine, which is the first to successfully reproduce this "mass gap" (for details see Section 2.4). Additionally, for BH-NS binaries some remnants formed out of the initially less massive star in the binary fall within the BH mass regime while some primary components (initially more massive) may end up as NSs. This is due to the aforementioned mass ratio reversal. Despite a wide range of BH-BH progenitor masses, the component masses of remnant systems are mostly clustering around 5-9 M ⊙ . Such a drastic reduction in mass range comes from the significant wind mass loss for massive BH progenitors and mass ejection in CE events. Both factors usually reduce the masses of the whole progenitor stars to the masses of their cores, for which the mass range is narrow.
To calculate the chirp mass M chirp of a DCO we use the following formula:
where M i are the masses of the components. The most notable aspect of the chirp mass distributions (Fig. 7) del . The average delay time for systems merging within 10 Gyr at Z ⊙ is: 1.1-1.5 Gyr (submodel A-B) for NS-NS, 1.7-1.7 Gyr for BH-NS, and 1.0-2.5 Gyr for BH-BH systems. For sub-solar metallicity the average is: 1.0-2.3 Gyr for NS-NS, 1.5-1.5 Gyr for BH-NS, and 1.0-1.4 Gyr for BH-BH systems.
The delay times for submodel B are in general higher than for submodel A. This is a direct result of our assumption on the outcome of the CE phase with HG donor. Binary populations are identical in submodel A and B until a CE event. If the separation is relatively small, the CE may be initiated early on in the evolution, specifically by a HG donor. The survival of such an event may lead to the formation of a close binary in submodel A. In submodel B CEs with this type of donor are always considered a merger (see Section 2.3.1). Binaries with separation large enough to prevent the rapidly expanding HG star from overfilling its Roche lobe will initiate the CE in later stages of evolution. This scenario meets the criteria of A and B submodels and allows the binaries to be accounted in both (in terms of forming merging DCOs). Submodel B, therefore, favours binaries with larger separations, which translate into larger merger times.
Additionally, the delay times decrease with metallicity. This comes from the fact that for sub-solar environments stars lose less mass in winds and therefore, form more massive remnants. The more massive the components of a DCO, the less time it takes for a system to merge. A secondary effect of the reduced wind mass loss rates for Z < Z ⊙ on the delay times is the smaller expansion of the separation during evolution as a smaller amount of mass is removed from the system.
The distribution of mass ratios q is similar for both submodels and both metallicities. NS-NS systems group around q = 0.9 as the NS masses found in our models are on average similar in each formed DCO system (∼ 1.1-1.4 M ⊙ ; see Fig. 6 ). BH-NS systems group around small mass ratio values (q = 0.2), which means a large difference in mass between both remnant compact objects. This fol-lows from the fact that the typical NS mass is 1.3 M ⊙ and the typical BH mass is found at 5-9 M ⊙ (see Fig. 6 ). BH-BH systems have the widest range of q, and typically our simulations show mass ratios in the range 0.4-1.0 with increasing probability toward q = 1. This simply reflects the fact that BH progenitors come from a wide range of masses, and that binaries with similar masses more readily survive binary interactions (mass transfers and supernovae explosions).
Variation 1
This is the first of four variations addressing the CE binding energy parameter, λ. In this model we fix λ = 0.01. This It is found that in this evolutionary variation all merger rates significantly decrease as compared to the standard model (see Table 2 and 3). For solar metallicity the Galactic merger rates are dominated by BH-BH systems (1.1 Myr −1 for both submodels), followed by NS-NS (0.4 Myr −1 for both submodels), and BH-NS systems (0.002 Myr −1 , also for submodels A and B). For 0.1 Z ⊙ the rates for BH-BH systems are 12.5-8.1 Myr −1 (submodel A-B), 0.06 Myr −1 for NS-NS systems (for both submodels), and 0.03 Myr −1 for BH-NS systems (also for both submodels). The behaviour of the population of double compact objects in this model can be understood as follows. We have chosen λ to have a very low value, which translates into a very high binding energy of the CE (see Eq. 2). This binding is so strong that most of the binaries experience a merger during the first CE phase in their evolutionary history. This terminates the evolution of the binary and prevents the formation of a DCO. The least affected are BH-BH systems, since the fixed λ value used in this variation is comparable to (although lower than) the Nanjing λ (see Fig. 3,4) of the typical BH progenitor.
In earlier stages, such as on the Hertzsprung gap, the values are higher (Nanjing λ ≈ 0.1-0.2; see Fig. 3 ). This means that in this fixed λ scenario the value of the binding energy of the CE of a HG donor is an order of magnitude larger than for the standard (more physical) model. Therefore, many CE events with a HG donor end in a merger, as the reservoir of the orbital energy is insufficient to eject the envelope. The surviving binaries are the ones in which the CE was initiated by a CHeB donor and/or that have very massive accretors and therefore a large orbital energy reservoir. Submodel B does not allow for CE events with a HG donor. In effect, the very small λ (very large binding energy) adopted in submodel A also prevents binaries from surviving a CE event with a HG donor, just as in submodel B. As a result, the binary populations formed in the two submodels are very similar.
For Z = Z ⊙ the average chirp mass for NS-NS systems is 1.1 M ⊙ , 3.2 M ⊙ for BH-NS, and 6.5 M ⊙ for BH-BH systems (for both submodels). In both submodels the distributions of chirp masses in the standard model and V1 are similar. The slight differences come from the fact that the population of merging DCOs in V1 is composed of binaries that would form the non-merging population in the standard model. For Z = 0.1 Z ⊙ the corresponding values are 1.1 M ⊙ for NS-NS and 3.6 M ⊙ for BH-NS systems (for both submodels). In the case of BH-BH systems the average chirp mass is 20.0 M ⊙ for submodel A and 16.1 M ⊙ for submodel B. For Z = 0.1 Z ⊙ , submodel A, the distribution of BH-BH chirp masses is flatter in V1 than for the standard model. Specifically, there are fewer low chirp mass systems in V1 than for the standard model. There are two mechanisms determining this outcome. The first is the increased number of mergers during the CE in this variation, which reduces the overall number of DCOs. The second is the fact that less massive BH-BH systems have relatively light progenitors. These binaries have smaller chances of ejecting such a strongly bound CE due to a smaller orbital energy reservoir, and merge in the process.
Since the populations in submodels A and B are similar, we find similar distributions of chirp masses and delay times. For Z = Z ⊙ the average chirp mass for NS-NS systems is 1.09 M ⊙ , 3.2 M ⊙ for BH-NS, and 6.5 M ⊙ for BH-BH systems. For Z = 0.1 Z ⊙ the values are 1.11 M ⊙ for NS-NS, 3.6 M ⊙ for BH-NS systems for both submodels, while for the BH-BH systems the average chirp mass is 20.0 M ⊙ for submodel A and 16.1 M ⊙ for submodel B. The components of these BH-BH systems belong to the most massive compact objects, and this results in the high cutoff point of the chirp mass distribution in submodel B for 0.1 Z ⊙ (∼ 30 M ⊙ ), when compared to other variations. Due to the very low λ in V1, only very wide progenitor binaries can survive a CE phase. These binaries would form non-merging (t del > 10 Gyr) BH-BH systems in the standard model. Since the progenitor binaries are very wide, the CE is typically initiated when the donor expands significantly. This happens at late evolutionary stages and/or for very massive donors; therefore, the donor in most cases has already evolved past the HG and is in the CHeB phase. As most donors are CHeB stars, both submodels produce very similar populations. Furthermore, since many progenitors are very massive stars, they produce very massive BH-BH systems in both submodels.
The average delay times for Z ⊙ are ∼ 52 Myr for NS-NS, ∼ 1.7 Gyr for BH-NS, and ∼ 1.5 Gyr for BH-BH systems. For 0.1 Z ⊙ these are ∼ 82 Myr for NS-NS, ∼ 0.8 Gyr for BH-NS for both submodels. For BH-BH systems we find average delay ∼ 480 Myr for submodel A and ∼ 680 Myr for submodel B. The short delay times for NS-NS systems is a direct consequence of the very low value of λ. The high binding energy of the envelope following from this causes significant orbital energy dissipation. This prevents the formation of NS-NS systems with delay times over 300 Myr (see Fig. 14-17) .
Due to the severe reduction in the total number of systems in this model, the least populated group, BH-NS systems, is subject to larger statistics errors. For example, for solar metallicity we find only 1 merging BH-NS system in the V1 model. However, as we will see below, this model can be excluded based on observations of known NS-NS Galactic systems, and therefore we do not follow up with additional computations.
Variation 2
In this model we fix λ = 0.1. The rates for solar metallicity, for the DCOs are: 11.8-1.1 Myr −1 for NS-NS, 2.4-0.08 Myr −1 for BH-NS, and 15.3-0.4 Myr −1 for BH-BH systems (submodel A-B). For sub-solar metallicity NS-NS (65.9-6.9 Myr −1 ) and BH-BH systems (56.7-16.1 Myr −1 ) strongly dominate the DCO merger rate, with relatively insignificant rates for BH-NS systems (0.5-0.4 Myr −1 ). The most notable aspect of this variation is the highest Galactic NS-NS merger rate: 65.9 Myr −1 for submodel A and sub-solar metallicity. When compared to the standard model, these systems merge ∼ 8 times more often (from 8.1 Myr −1 to 65.9 Myr −1 ). In this variation the λ is smaller (by at least factor of 2) than the one used in the standard model for a NS progenitor (typically a 10 M ⊙ star; see Fig. 1 ). It means that the envelope is strongly bound in V2. As a consequence the binaries will end the CE with smaller orbital separations than they would in the standard model. This effect is additionally enhanced since NS-NS progenitors, for Z = 0.1 Z ⊙ , often experience two CE events (see NSNS01 in Tab. 5 in standard model; a similar channel is also found in V2). A decreased semi-major axis increases the chances of survival through a SN. The vast majority of disruptions occur corresponding to the first SN, when the systems are still wide. For example, in the standard model ∼ 94% of disruptions are encountered at the first SN, while ∼ 6% at the second SN. In V2, there are virtually no disruptions at the second SN leading to the 8-fold increase of merger rates. A secondary effect of the strongly bound envelope is the migration of the progenitors toward low merger times. This has two competing consequences. One is the increased number of mergers during CE and a moderate reduction of merger rates. The second is the efficient dissipation of orbital energy that allows wide progenitors (that in the standard model would produce non-merging NS-NS) to form merging NS-NS systems moderately increasing the merger rates.
For solar metallicity the effect of SN survival does not manifest itself because progenitors of NSs often experience ECSe (high wind mass loss reduces pre-SN progenitor mass), which generally do not disrupt binaries (no kick). However, for Z ⊙ there is a significant NS-NS merger rate drop in submodel B (from 7.6 Myr −1 in the standard model to 1.1 Myr −1 in this variation). The main formation channel in the standard model (see NSNS01 in Table  4 ) involves a CE and non-conservative mass transfer after the first SN. In V2 after the CE the orbital separation is smaller than in the standard model. Therefore the secondary, a low mass helium star that is a progenitor of the second NS, experiences RLOF much earlier in its evolution in V2. A combination of shorter orbital period and the earlier evolutionary stage (typically helium HG) leads to the development of the second CE in V2 (as opposed to stable mass transfer in the standard model). Since the survival through CE with HG donors is not allowed in model B, the merger rates significantly decrease. There is also a small decrease of merger rates in submodel A. Although HG CE is allowed in submodel A, small orbital separation in V2 sometimes leads to a merger in the second CE event.
The most notable change in the merger rates of BH-NS systems is the drop for Z = 0.1 Z ⊙ : 3.4-0.5 Myr −1 (standard-this variation) for submodel A and 2.3-0.4 Myr −1 for submodel B. This comes from the fact that, for low metallicity environments, the progenitors of BH-NS systems quite often engage in a CE at the beginning of their evolution (see BHNS01 in Tab. 5). In this early CE event, the donor is the more massive component and a progenitor of the BH. The λ value used in this variation (0.1) is higher than in the standard model for a BH progenitor (see Fig. 3,4) . This means that the envelope is easier to eject and after the first CE the binaries will not lose as much orbital energy remaining above the 10 Gyr merger time. Additionally a wider separation after the first CE increases the chances of disruption by the supernovae. A combination of both effects accounts for the drop in BH-NS merger rates for both submodels for Z = 0.1 Z ⊙ . This does not manifest itself for the Z = Z ⊙ model. High wind mass loss rates present at solar metallicity often reduce the initial mass ratio of the progenitors ( ∼ > 1 2 -1 3 ) and the first interaction instead of being a CE is a non-conservative mass transfer (see BHNS01 in Tab. 4). Since λ plays role on in CE events, the BH-NS rates are comparable in V2 and the standard model. The factor of ∼ 2 difference arises from the later CE events initiated by the NS progenitor.
For solar metallicity the BH-BH merger rates increase by a factor of ∼ 2 (from 8.2 Myr −1 to 15.3 Myr −1 ) for submodel A, and decrease by factor of ∼ 5 (from 1.9 Myr −1 to 0.4 Myr −1 ) for submodel B, in contrast with the standard model. The λ value fixed in this variation (at 0.1) is larger than the average Nanjing values for typical BH progenitors (see Figs. 3 and 4) . High λ and correspondingly low binding energy leads to small orbital contraction during the CE phase. This can (counter-intuitively) both increase and decrease merger rates of various BH-BH populations. For example, consider BH-BH populations in submodel A and B. From the relative merger rates (A much higher than B) it is clear that submodel A is dominated by BH-BH binaries that evolved through the CE phase with a HG donor. In contrast, submodel B includes only systems that have formed through CE with a CHeB donor (by assumption). Since HG stars are smaller (for the same mass and metallicity) than CHeB stars, progenitors in submodel A have relatively small orbital separations, while in submodel B they have relatively wide separations. On one hand, short period progenitor binaries do not merge in the CE phase as often as in the standard model, since the λ chosen in V2 is large, and that leads to an increased BH-BH merger rate in submodel A. On the other hand, long period progenitor binaries are not sufficiently contracted (in term of separation) due to the high λ in V2. They form longperiod BH-BH systems with merger times exceeding 10 Gyr, and thus the merger rate decreases in submodel B. For sub-solar metallicity the effects of an increased λ are compensated for by the smaller radial expansion of stars as compared to solar metallicity, and the V2 merger rates for both submodels are similar to the standard model rates.
The distribution of chirp masses for both submodels and metallicities closely resembles that of the standard model. The average chirp masses for Z = Z ⊙ are 1.08-1.06 M ⊙ (submodel A-B) for NS-NS, 3.2-3.2 M ⊙ for BH-NS, and 6.5-6.5 M ⊙ for BH-BH systems. For Z = 0.1 Z ⊙ the corresponding values are 1.09-1.07 M ⊙ (submodel A-B) for NS-NS, 3.5-3.3 M ⊙ for BH-NS, and 17.2-9.3 M ⊙ for BH-BH systems.
The average values of delay times for Z ⊙ are: 90-618 Myr (submodel A-B) for NS-NS, 2.2-2.6 Gyr for BH-NS, and 1.8-6.5 Gyr for BH-BH systems. For 0.1 Z ⊙ the values are: 0.2-1.6 Gyr (NS-NS), 1.6-1.7 Gyr (BH-NS), 1.2-1.9 Gyr (BH-BH systems).
Variation 3
This variation fixes the binding to λ = 1. The Galactic merger rates for Z ⊙ are dominated by NS-NS systems (48.8-14. ). For solar metallicity there are no significant changes in merger rates for submodel A. However, the rise in rates for NS-NS systems by a factor of ∼ 2 when compared to the standard model (from 23.5 Myr −1 to 48.8 Myr −1 ) makes it the most frequently merging population of double NSs, for Z ⊙ , in this study. The increase of merger rates for NS-NS and BH-NS systems (from 1.6 Myr −1 to 4.6 Myr −1 ) is associated with fewer binaries merging during the CE due to the high λ value used in this variation. However, the high λ values have the opposite effect for BH-BH systems. The resulting low binding energy of the CE is responsible for the slight drop in merger rates for BH-BH systems (from 8.2 Myr −1 to 5.0 Myr −1 ), as fewer binaries cross the 10 Gyr point (toward the merging population) due to insufficient orbital energy loss when ejecting their envelopes.
The population of NS-NS systems in submodel B follows the behaviour described in submodel A. What is noticeable for BH-NS and BH-BH systems in submodel B, at Z ⊙ , is a drop in the merger rates (by an order of magnitude with respect to the standard model). By assumption, submodel B favours DCOs which initiated a CE with a donor beyond the HG, in this case during CHeB. Donors of this type that are progenitors of components in BH-NS or BH-BH systems have lower (see Figs. 2-4 ) λ values in the standard model (more physical) than in this variation (λ = 1). A direct consequence is the reduced orbital energy loss during a CE event. This allows binaries with CHeB CE to retain a large separation at the end of the CE phase, preventing a DCO merger within 10 Gyr. Therefore, the population of merging DCOs containing BHs for submodel B is reduced.
For sub-solar metallicities the high λ effect is still relevant. However, in these chemical environments donors initiate CE more often as CHeB stars (instead of HG) due to smaller radial expansion during the evolution. This increases the number and merger rates of NS-NS and BH-NS systems in submodel B. This also allows for more BH-BH systems to be formed in this submodel but for this type of DCO the high λ causes a counter-effect, and efficiently reduces the merger rates of double BHs.
The average chirp masses for Z ⊙ are: 1.06-1.05 M ⊙ (submodel A-B) for NS-NS, 2.7-2.4 M ⊙ for BH-NS, and 6.0-5.9 M ⊙ for BH-BH systems. For 0.1 Z ⊙ the values are: 1.09-1.12 M ⊙ for NS-NS, 2.9-2.9 M ⊙ for BH-NS, and 12.5-6.8 for BH-BH systems.
The average delay times for Z ⊙ are: 1.2-2.2 Gyr (submodel A-B) for NS-NS, 2.0-2.7 Gyr for BH-NS, and 4.2-2.2 Gyr for BH-BH systems. The values for 0.1 Z ⊙ are: 0.9-2.4 Gyr for NS-NS, 1.8-2.3 Gyr for BH-NS, and 1.6-3.3 Gyr for BH-BH systems. These average values are greater than for the standard model, as the high λ value used in this variation (low binding energy) allows the binaries to retain a larger orbital separation after the CE phase.
Variation 4
In this model we fix the λ value at 10. The Galactic merger rates for Z ⊙ are: 20.8-0. Table 2 ) when compared with the standard model. The mechanism responsible for this result is straightforward. The very high λ value means a low binding energy of a star's envelope, and so it is easily ejected during a CE event. As a consequence, little orbital energy is lost, and the separation of the components is reduced insignificantly. The weak orbital contraction causes the DCOs to retain merger times larger than 10 Gyr, thus creating a large non-merging population at the cost of the merging one. The mechanism described above holds true for all types of DCOs, but manifests most clearly for BH-BH systems. For example, for submodel A, for each BH-BH system formed below the 10 Gyr merger time limit, ∼ 240 are formed above it. For submodel B the rates are null for BH-NS and BH-BH systems. In other words, despite high statistics-6 million binary stars simulated-no DCO systems containing BHs were produced. In order to understand this result one needs to recall that the CE phase is usually initiated by HG and CHeB donors, due to significant radial expansion during these stages of evolution. Submodel B does not allow for a HG donor so the only systems left to populate this submodel are those with a CHeB donor during the CE, in their evolutionary history. This evolved CE donor indicates that these binaries had initial separations large enough to be able to bypass the CE on the HG, and this initial orbital condition places them in the long merger time regime. For progenitors of BH-NS and BH-BH systems the λ value in the standard model during CHeB is much lower (see Figs. 2-4 ) when compared to the one used in this variation (10). So, due to insufficient orbital energy loss during CE, no binaries are drawn toward the merging population, making it void of system containing BHs. This migration of DCOs between the merging and non-merging populations is illustrated is Figure 18 .
For 0.1 Z ⊙ more merging BH-NS/BH systems are formed in general due to weaker SNe (see Sec. 4.1). The probability of producing such a system for the merging population increases, yielding non-zero merger rates for submodel B. Additionally, the merger rates for BH-NS system for submodel A increase by a factor of ∼ 3 (from 3.4 to 8.8 Myr −1 ) when contrasted with the standard model. This result is opposite to the one for Z ⊙ , where the merger rate of BH-NS systems for submodel A drops slightly (from 1.6 to 0.9 Myr −1 ). A weakly bound CE (in this variation) causes insignificant orbital reduction and increases the chances of disruption by the following SNe (after the first or second CE, see Table 5 ). However the stalled SN kicks associated with low metallicity environments reduce the disruption probability, accounting for the increase in 0.1 Z ⊙ in V4.
For NS-NS systems the Galactic merger rates increase from 8.1 Myr −1 (standard model) to 29.5 Myr −1 (this variation) at 0.1 Z ⊙ . A characteristic of these DCOs for sub-solar metallicities is the second CE initiated just after the first one (see Table 5 ). Two weakly bound CE phases allow the binary to avoid a merger in either of these events, effectively increasing the number and merger rates of NS-NS systems.
The average chirp masses for Z ⊙ are ∼ 1.03 M ⊙ for both submodels for NS-NS systems. For BH-NS and BH-BH systems, submodel A, these are: 2.5 M ⊙ and 5.8 M ⊙ , respectively. For 0.1 Z ⊙ these values are: 1.1-1.2 M ⊙ (submodel A-B) for NS-NS, 2.9-2.7 M ⊙ for BH-NS, and 7.6-6.7 M ⊙ for BH-BH systems.
The average delay time values for Z ⊙ , for NS-NS systems are 0.5 Gyr and 2.0 Gyr, for submodel A and B, respectively. For BH-NS and BH-BH systems these are 2.5 Gyr and 3.2 Gyr, respectively, for submodel A. For 0.1 Z ⊙ these values are: 0.7-2.0 Gyr (submodel A-B) for NS-NS, 2.4-2.2 Gyr for BH-NS, and 3.8-2.7 for BH-BH systems.
Variation 5 & 6
In variations 5 and 6 we set the maximum mass achievable for a NS to 3.0 M ⊙ and 2.0 M ⊙ , respectively (this is 2.5 M ⊙ in the standard model). These models produce no statistically significant changes, when compared to the standard model. The reason for the population of DCOs being insensitive to the maximum mass of a NS is the usage of the Rapid supernova mechanism. The main characteristic of this engine is the lack of compact objects formed in the range ∼ 2-5 M ⊙ .
The distribution of delay times and chirp masses, as well as their average values, are nearly identical (within statistical accuracy) to the standard model.
Variation 7
In this variation we set the σ of the Maxwellian distribution of the natal kicks to 132.5 km/s (it is 265 km/s in the standard model). The Galactic merger rates for Z ⊙ are: 32.4-9.5 Myr −1 (submodel A-B) for NS-NS, 1.9-0.3 Myr −1 for BH-NS, and 10.4-2.1 Myr −1 for BH-BH systems. For sub-solar metallicity the rates are: 8.3-2.2 Myr −1 for NS-NS, 6.1-4.3 Myr −1 for BH-NS, and 83.7-15.1 Myr −1 . For solar metallicity we find slightly increased (by less than a factor of ∼ 2) Galactic rates for all DCO types, for both submodels. In practice, reducing the σ value means that natal kicks of high magnitude are chosen less frequently from the Maxwellian distribution. As a consequence fewer binaries are disrupted during the SN explosions. This increases the pool of potential merging DCOs, and accounts for higher merger rates in this variation. The least affected, when compared to the standard model, are BH-BH systems, since the progenitors of these systems are massive stars, and thus produce weak SNe (stalled or no kicks, direct collapse). Therefore, statistically, these systems are minimally impacted by decreasing the occurrence of high magnitude natal kicks in the binary population.
For sub-solar metallicity this effect is even less significant, due to naturally weaker explosions. Low wind mass loss rates associated with low metallicity environments produce more massive pre-SN progenitors. These stars cause more fallback of ejecta during the explosion, due to their strong gravitational potential. Therefore, the magnitude of the velocity of the kicks is in general smaller than for Z ⊙ . Further reduction of the occurrence of high magnitude kicks yields no statistically significant effects.
In the case of NS-NS systems for 0.1 Z ⊙ the rates are almost unchanged when compared with the standard model. Note that most of these DCOs have two CE events (exactly like in the standard model, see Table 5 ), which makes them susceptible to merging during one of these episodes. Reducing the probability of high velocity kicks results in smaller separations after the first SN. A consequence is an increased number of CE mergers that counters increased SN survivability.
The average chirp masses for Z ⊙ are: 1.05 M ⊙ for NS-NS, 3.1 M ⊙ for BH-NS, and 6.6 for BH-BH systems (all for both submodels). For 0.1 Z ⊙ the values are: 1.08 M ⊙ for NS-NS and 3.1 M ⊙ for BH-NS systems (for both submodels). For BH-BH systems these are: 12.4 M ⊙ for submodel A and 9.7 M ⊙ for submodel B.
The average values of delay time distribution are: 1.3-2.2 Gyr (submodel A-B) for NS-NS, 2.7-4.3 Gyr for BH-NS, and 1.2-2.9 Gyr for BH-BH systems. For 0.1 Z ⊙ the values are: 1.0-2.7 Gyr for NS-NS, 1.9-1.9 Gyr for BH-NS and 1.1-1.3 Gyr for BH-BH systems.
Variation 8
In this model we only enforce full natal kicks for the BHs. The results therefore only change for BH-BH/NS systems. The Galactic merger rates for Z ⊙ for BH-NS systems are 0.03-0. The disruption rate of binary progenitors of BH-BH/NS systems during the SN, due to the strong velocity kicks, is significant. When contrasted with the standard model, the Galactic merger rates for Z ⊙ drop by 2-3 orders of magnitude (see Table 2 ). For example, for BH-BH, submodel B at Z ⊙ , the merger rate drops from 1.9 Myr −1 (standard) to 0.005 Myr −1 . For 0.1 Z ⊙ the effect is smaller but still noticeable, as the rates drop by a factor of ∼ 10 (see Table 3 ). The pre-SN progenitors of BHs in this environment are, on average, more massive when compared to Z ⊙ . This results in strongly bound binaries, which makes them less susceptible to being disrupted from natal kicks.
The average chirp masses for Z ⊙ are: 3.0-3.2 M ⊙ (submodel A-B) for BH-NS systems. For BH-BH systems these are 6.5 M ⊙ and 5.9 M ⊙ for submodels A and B, respectively. For 0.1 Z ⊙ these values are 1.09 M ⊙ (both submodels) for NS-NS systems and 3.0 M ⊙ (also both submodels) for BH-NS systems. For BH-BH systems these are 9.0 M ⊙ and 7.2 M ⊙ for submodels A and B, respectively.
The mean delay times for Z ⊙ are: 1.2-1.7 Gyr (submodel A-B) for NS-NS systems and 2.0-7.0 Gyr for BH-BH systems. For BH-NS, submodel A, the mean value is 0.4 Gyr. For 0.1 Z ⊙ the mean values are: 0.9-2.2 Gyr (submodel A-B) for NS-NS, 1.2-1.3 Gyr for BH-NS, and 0.6-1.2 Gyr for BH-BH systems.
Variation 9
In this variation BHs do not receive natal kicks. We therefore describe the results for BH-NS and BH-BH systems (NS-NS systems behave as in the standard model). The Galactic merger rates for BH-NS systems are 1.4-0.2 Myr −1 (submodel A-B) for Z ⊙ and 5.2-3.7 Myr −1 (0.1 Z ⊙ ). For BH-BH systems the rates are: 16.9-4.2 Myr −1 ( Z ⊙ ) and 92.3-19.3 Myr −1 (0.1 Z ⊙ ). For Z ⊙ the merger rates for BH-BH systems increase by a factor of ∼ 2 for both submodels, when compared to the standard model. This is a straightforward consequence of the assumption of no natal kicks used in this variation. The survival rate of BH-BH/NS systems increases due to fewer disruptions occurring during the SN. This allows more DCOs with BHs, which in turn increases the merger rates. For 0.1 Z ⊙ the gain is smaller. Pre-SN progenitors of BHs are heavier in this chemical environment due to low wind mass loss. This causes a lot of ejecta fallback (almost all matter is pulled back onto the newly formed BH). Setting no natal kicks for these systems changes little as these BHs "naturally" suppress the SN explosion.
The behaviour of BH-NS systems is explained analogously to BH-BH DCOs. However the effects are smaller since the survival rates due to disruption are dominated by SNe resulting in the formation of NSs. Pre-SN progenitors of NSs are light and experience low fallback (stronger kicks). This allows for more powerful explosions, which disrupt the binaries and prevent the creation of DCOs.
The average chirp masses for BH-NS systems are: 3.1 M ⊙ for Z ⊙ and 3.0 M ⊙ for 0.1 Z ⊙ (all for both submodels). For BH-BH systems the values are: 6.3-6.2 M ⊙ (submodel A-B) for Z ⊙ and 12.1-9.3 M ⊙ for 0.1 Z ⊙ .
The mean values of delay times for BH-NS systems are: 1.7-3.0 Gyr (submodel A-B) for Z ⊙ and 1.7-1.7 Gyr (0.1 Z ⊙ ). For BH-BH systems these are: 1.5-3.4 Gyr for Z ⊙ and 1.2-1.4 Gyr for 0.1 Z ⊙
Variation 10
In this variation we use the Delayed supernova engine (as compared with the Rapid engine used in the standard model). The Galactic merger rates for Z ⊙ are: 25.6-8.9 Myr −1 (submodel A-B) for NS-NS, 0.07-0.03 Myr −1 for BH-NS, and 0.6-0.08 Myr −1 for BH-BH systems. For 0.1 Z ⊙ the rates are: 8.6-2.6 Myr −1 for NS-NS, 2.3-2.0 Myr −1 for BH-NS, and 62.0-11.5 Myr −1 for BH-BH systems.
For all metallicities and submodels we note a drop in the merger rates for systems containing BHs (see Table  2 and 3). The reason for this is the difference in the amount of fallback matter acquired in SN explosions resulting from the two engines. To illustrate, we present the results of an example calculation using Eq.16, 18, and 19 from Fryer et al. (2011) , estimating the fallback factor f fb . For a star prior to the SN explosion with a total mass M = 8.7 M ⊙ and carbon-oxygen core M CO = 6.5 M ⊙ (typical core mass collapsing to a BH), we get the following values of f fb : 1.0 (full fallback) for the Rapid and 0.46 (partial fallback) for the Delayed engine. For progenitors of BHs the amount of fallback is lower (more mass is ejected) in the case of the Delayed engine. This results in natal kicks of a higher magnitude (see Eq. 3), which are more capable of disrupting the binary and preventing the creation of a DCO. For progenitors of NSs the fallback is similar in both V10 and the standard model, and therefore we find similar magnitudes of natal kicks, and a similar chance for disruption by SN.
Another significant result produced by this model is the lower limit of the chirp mass distribution for BH-BH systems: ∼ 2 (for an example see Figure 10 ). The Delayed supernova engine creates remnant objects (NSs and BHs) with a continuous spectrum of masses, contrary to the Rapid engine (for details see Belczynski et al. (2011b) ). This suggests observational tests to distinguish the models (Fryer et al., 2011; Belczynski et al., 2011b) . The average chirp mass for Z ⊙ is: 1.14-1.13 M ⊙ (submodel A-B) for NS-NS, 3.1-3.0 M ⊙ for BH-NS, and 5.7-4.6 M ⊙ for BH-BH systems. For 0.1 Z ⊙ these are: 1.2-1.2 M ⊙ for NS-NS, 3.4-3.4 M ⊙ for BH-NS, and 14.4-10.2 M ⊙ for BH-BH systems.
The mean delay time values for Z ⊙ are: 1.2-1.8 Gyr (submodel A-B) for NS-NS, 2.5-1.4 Gyr for BH-NS, and 1.7-2.6 Gyr for BH-BH systems. For 0.1 Z ⊙ these are: 0.9-2.1 Gyr for NS-NS, 1.8-1.7 Gyr for BH-NS, and 1.2-1.5 Gyr for BH-BH systems.
Variation 11
In this variation we reduce the stellar wind mass loss rates by a factor of 2. The Galactic merger rates for Z ⊙ are: 24.2-6.5 Myr −1 (submodel A-B) for NS-NS, 1.2-0.2 Myr −1 for BH-NS, and 29.7-3.6 Myr −1 for BH-BH systems. For 0.1 Z ⊙ the rates are: 7.7-2.3 Myr −1 for NS-NS, 3.8-2.4 Myr −1 for BH-NS, and 79.2-17.1 for BH-BH systems.
The most significant result due to this variation is the increase in the Galactic merger rate for BH-BH systems for Z ⊙ . The rates increase by a factor of ∼ 3 and ∼ 2 for submodels A and B, respectively. The effect of the lowered wind mass loss rates on double BHs is manifold. First, the decreased reduction of mass of BH progenitors causes them to retain more mass just prior to the SN. This results in a larger amount of fallback matter during the explosion, which stalls the natal kicks. This in turn increases the survivability rate of binaries and produces more merging systems. Second, the increased pre-SN mass also results in more massive remnants, which is clearly visible in Figure 10 and 11. Third, the minimum mass of a BH progenitor is reduced to lower values (from the usual ∼ 20 M ⊙ to ∼ 18 M ⊙ ). For sub-solar environments these effects are weak as the wind mass loss rate for 0.1 Z ⊙ is already low. Decreasing this even further yields no new qualitative results.
For NS-NS systems these effects are also insignificant. The progenitors of NSs in these systems are lighter than those of BHs, and for these stars the wind mass loss rates are smaller than for their heavier counterparts. Therefore, decreasing wind mass loss even further plays no significant role in the survivability or the properties of these systems.
The merger rates for BH-NS systems do not increase in the way they do for BH-BH systems, despite their harboring a BH and a massive NS progenitor. Binary stars that would have formed BH-NS systems in the case of "standard" winds, now retain more mass during evolution (due to the reduced winds), and form BH-BH systems instead. This reduces the BH-NS population and adds merging DCOs to the BH-BH systems.
The average chirp masses for Z ⊙ are: 1.05-1.05 M ⊙ (submodel A-B) for NS-NS, 3.2-3.3 M ⊙ for BH-NS, and 10.5-9.1 M ⊙ for BH-BH systems. Note that for the latter DCOs the range of chirp mass is the largest (∼ 14 M ⊙ ) for this metallicity of all variations. For 0.1 Z ⊙ the average chirp masses are: 1.08-1.08 M ⊙ for NS-NS, 3.3-3.4 M ⊙ for BH-NS, and 14.3-10.6 M ⊙ for BH-BH systems.
The mean delay times for Z ⊙ are: 1.0-1.6 Gyr (submodel A-B) for NS-NS, 1.3-1.9 Gyr for BH-NS, and 0.6-2.8 Gyr for BH-BH systems. For 0.1 Z ⊙ these values are: 1.0-2.3 Gyr for NS-NS, 1.5-1.5 Gyr for BH-NS, and 1.0-1.2 Gyr for BH-BH systems.
SUMMARY
We have investigated the major parameters and input physics involved in binary evolution leading to the formation of double compact objects: the CE coefficient λ, the supernova mechanisms (remnant formation and natal kick magnitude), the maximum mass of NSs, and the wind mass loss rates. The study was performed by calculating a suite of population synthesis models, allowing us to estimate the associated uncertainties in the formation of DCOs.
The calculations were done using the StarTrack population synthesis code, recently updated with wind mass loss rates for massive stars, a realistic CE treatment, and convection-driven neutrino-enhanced supernovae. These updates are incorporated in our revised Standard Model (see Section 4.1) of binary evolution and DCO formation. Our newer version yields lower merger rates than the equivalent Standard Model from Belczynski et al. (2002) . This difference arises mainly from the Nanjing treatment of the CE parameter, λ (see Section 2.3.2; Xu & Li (2010) ), which we have now incorporated. Significant changes in the merger rates are also caused by varying the value of λ (Variations 1-4, see Table 2 and 3). We therefore identify a strong dependence of the merger rates on the binding energy of the CE.
Emerging from the simulations are two populations of DCOs. The first is that of double compact objects with merger times less than 10 Gyr (merging in a Milky Waylike galaxy, the merging population). The second is of objects having merger times higher than this limit (distant future mergers, the non-merging population). The λ parameter shifts DCOs between these two populations. On the one hand, lowering λ increases the CE binding energy, and thus tends to draw the binaries from the nonmerging population toward the merging one, as progenitor binaries must lose more orbital energy to unbind the envelope. This results in a larger number of system in the merging population, and increases the Galactic merger rates. On the other hand, this also causes progenitors of DCOs from the merging population to merge during the CE more often, terminating binary evolution and therefore reducing the number of binary systems, and thus merger rates. The final outcome is set by the specific value of λ, and varies from population to population. For example, a given change in λ may cause an increase in the merger rate of BH-BH systems while decreasing the rate of NS-NS systems, due to the differing orbital separations of BH-BH and NS-NS progenitors.
The types of DCOs most affected by this mechanism are NS-NS and BH-NS systems. The range of merger rates for these systems spans three order of magnitude between solar and sub-solar metallicities (see Table 2 and Table 3 ). The large range of merger rates obtained in this and previous studies using calculations with a fixed value of λ is an artifact of the unphysical treatment of the CE phase. When a more physically motivated treatment is applied, in which the value of λ is chosen to correspond to the given star and its evolutionary stage, it is found that the merger rates are on the high side of the ranges computed with variations that assume non-physical, fixed values of λ
In particular, for the standard model, for either choice of metallicity of submodel (A or B), the BH-BH Galactic merger rate is at least 1.9 per Myr. This is a factor of ∼ 5 higher than the "realistic" estimate used in Abadie et al. (2010) , which translates into a detection rate of 20 BH-BH mergers per year with Advanced LIGO and Virgo detectors in that paper. Therefore, if the standard model is correct, we may expect that advanced gravitational-wave detectors will be able to capture above a hundred BH-BH coalescences per year. This is a clearly positive prediction from the perspective of the ongoing searches for gravitational-wave signals. However, we are unable to provide error estimate on this improvement, since there are no alternative physical estimates for λ readily available to us. Therefore, one should treat this estimate with some caution.
We can test the validity of certain models using the observed limits on the Galactic NS-NS merger rate (Kim et al., 2006) . Their upper limit (190 Myr −1 ) is not violated by any of our models. However, the lower limit (3 Myr −1 ) is not met by several of our models, and they would therefore be ruled out. Models ( Figure 19 . All these variations employ a fixed value of λ, and the observations of Galactic NS-NS systems lends further support to our claim that such a treatment is unphysical. Additionally we can use the estimates on the predicted chirp mass of IC10 X-1 (0.3 Z ⊙ environment) to further validate our results. We test our chirp mass distribution for 0.1 Z ⊙ against the predicted minimal predicted chrip mass for IC10 X-1 equal to 15 M ⊙ (Bulik et al., 2011) . From Fig. 13 and Table 9 one can see that models V3-submodel B (max. chirp mass 14.9 M ⊙ ) and V4-submodel B (max. chirp mass 11.5 M ⊙ ) do not reach this limit. Again these models use constant, in this case high λ values. This is further evidence to support the claim that such a treatment is unpshysical.
Another influential factor in DCO formation is the treatment of SN explosions. Specifically, the magnitude of the natal kick plays a significant role, as the high kicks (assumed in our standard model) tend to disrupt DCO progenitors, reducing the merger rates. The rates for reduced (by half) kicks are given in model V7. The corresponding increase in the rates is rather modest, due to the fact that for NS-NS systems some NSs explode as electron capture supernovae and do not receive kicks at all. BH kicks are already reduced by the amount of fall back and further kick decrease (coming from reducing σ in V7) does not significantly increase the rates. However, the effect of kicks becomes significant for BH-BH systems once the assumption on the reduction of kicks by fallback is relaxed. We have allowed for the very wide range of possible BH kicks in models V8 (high kicks) and V9 (no kicks). It is found that the Galactic merger rates of BH-BH systems change by ∼ 2-3 orders of magnitude (see Table 2 , 3). Therefore, the mostly unknown magnitude of BH natal kick limits our predictive power for the BH-BH rate estimates.
Despite the fact that we lack strong observational or theoretical constraints on BH natal kicks, in our standard model we have adopted the most likely model of natal kicks (ones that decrease with increasing BH mass). This model is supported by existing observations (most massive BHs seem to form without a kick) and can be intuitively understood in the framework of natal kicks arising from asymmetric supernova mass ejection. The standard model BH-BH merger rates are close to upper limit set by the full allowed range of possibilities (V8-V9), and again it appears that our more realistic treatment of DCO formation favors higher rates, and sets an optimistic tone for near-future gravitational wave inspiral detection.
This the first in a series of three papers.
Results presented here, and their extensions in the Synthetic Universe on-line database (www.syntheticuniverse.org), will be used in the second study, where we will investigate the NS-NS/BH-NS/BH-BH merger rates as a function of cosmological redshift, star formation rate, and metallicity. The third paper will focus on gravitational wave detection rates for upcoming observatories (advanced LIGO/Virgo and Einstein Telescope). a Coalescing DCOs' formation channels for the standard model, submodel A at solar metallicity. NC: non-conservative mass transfer, SN: supernova, CE: common envelope, AIC: accretion induced collapse of oxygen/neon white dwarf into NS. The arrows show the direction of transfer and "a" stands for the primary (initially more massive) component, "b" for the secondary.
b The first CE is initiated by the H-rich Hertzsprung gap donor (allowed in model A). The second starts when the exposed core of the donor becomes an evolved helium star. 2 M ⊙ , respectively, for both submodels and metallicities. The average chirp mass for BH-BH systems, for Z ⊙ , is ∼ 6.7 M ⊙ for both submodels. For 0.1 Z ⊙ the masses are 13.2-9.7 M ⊙ for submodel A and B, respectively. The maximum chirp mass increases with metallicity as wind mass loss rates decrease, allowing for the formation of heavier BHs (see Belczynski et al. (2010b) and Section 4.1). Fig. 9 .-The distribution of mass ratios of coalescing DCOs for the standard model. The mass ratio is defined as the ratio of the less massive to the more massive compact object in the binary. The average values for NS-NS systems are ∼ 0.85 for both submodels and metallicities. For BH-NS binaries the average is ∼ 0.22 for Z ⊙ , for both submodels and ∼ 0.15 for 0.1 Z ⊙ , also for both submodels. For BH-BH systems the average value is ∼ 0.8 for both submodels and metallicities. Note the dramatic increase of the maximum chirp mass with decreasing metallicity. For solar metallicity, the chirp mass was always below 10 M ⊙ (Fig. 10) , while for the majority of models shown here, the chirp mass reaches ∼ 30 M ⊙ for sub-solar metallicity. The lack of high chirp-mass systems in model V4 is explained in Sec. 4.5. This results in only a few systems crossing the 10 Gyr time limit and into the merging population. Both of these panels illustrate the migration of DCOs between the merging and non-merging populations with varying λ values. The clustering of chirp masses around higher values for merging DCOs with BHs in the standard model comes from the fact that more massive progenitors are more likely to survive a strongly bound CE phase due to a larger orbital energy reservoir. Note that these diagrams do not show the full range of the non-merging populations; systems with delay times much larger than 10 8 Myr and masses larger than 8 M ⊙ may also be formed. Fig. 19 .-Galactic merger rates from all of our models, with submodel A in the top panel and B in the bottom, for Z = Z ⊙ . The blue solid line represents the lower limit for predicted merger rates of NS-NS systems observed in our Galaxy (at 3 Myr −1 ) as shown in Kim et al. (2006) . Models yielding merger rates of NS-NS systems lower than this value are disfavored; these are V1-submodel A, V1-submodel B, V2-submodel B, V4-submodel B. Reminder: the described models are: V1-V4, changing λ from 0.01 to 10; V5-V6, changing M NS,max from 3.0 M ⊙ to 2.5 M ⊙ ; V7 -reducing natal kicks for all DCOs, V8-V9, full and no natal kicks for BHs, respectively; V10 -investigating the Delayed SN engine; V11 -reducing wind mass loss rates by half. 
